Serine-rich splicing factor 3 (SRSF3) plays a critical role in liver function and its loss promotes chronic liver damage and regeneration. As a consequence, genetic deletion of SRSF3 in hepatocytes caused progressive liver disease and ultimately led to hepatocellular carcinoma. Here we show that SRSF3 is decreased in human liver samples with nonalcoholic fatty liver disease (NAFLD), nonalcoholic steatohepatitis (NASH), or cirrhosis that was associated with alterations in RNA splicing of known SRSF3 target genes. Hepatic SRSF3 expression was similarly decreased and RNA splicing dysregulated in mouse models of NAFLD and NASH. We showed that palmitic acid-induced oxidative stress caused conjugation of the ubiquitin-like NEDD8 protein to SRSF3 and proteasomemediated degradation. SRSF3 was selectively neddylated at lysine 11 and mutation of this residue (SRSF3-K11R) was sufficient to prevent both SRSF3 degradation and alterations in RNA splicing. Lastly, prevention of SRSF3 degradation in vivo partially protected mice from hepatic steatosis, fibrosis, and inflammation. These results highlight a neddylationdependent mechanism regulating gene expression in the liver that is disrupted in early metabolic liver disease and may contribute to the progression to NASH, cirrhosis, and ultimately hepatocellular carcinoma.
Introduction
Serine-rich splicing factor 3 (SRSF3) is the smallest member of the SR protein family (1, 2) that functions to promote RNA splicing by recruiting components of the spliceosome at constitutive and alternatively spliced exons (3, 4) . SRSF3 has also been ascribed a number of cellular functions including controlling cellular proliferation, as it is regulated during G1/S by the E2F transcription factor (5) and controls the G2/M transition of immortal rat fibroblasts (6) . These findings have led to the suggestion that SRSF3 is a proto-oncogene and, indeed, it is overexpressed in some tumors (7) . Previously, we demonstrated that SRSF3 regulates splicing of the insulin receptor gene (INSR) (8) and plays an important role in hepatocyte differentiation and hepatic glucose and lipid metabolism (9) . Furthermore, we have shown that hepatocyte-specific deletion of the SRSF3 gene (SRSF3H-KO) promotes hepatocellular carcinoma (HCC) in aged SRSF3H-KO mice (10, 11) , and we and others observed that SRSF3 is reduced in samples of human HCC (10, 11) .
The global increase in obesity over the past few decades has caused a corresponding increase in nonalcoholic fatty liver disease (NAFLD) and its more severe form, nonalcoholic steatohepatitis (NASH) (12) (13) (14) (15) (16) . Both NAFLD and NASH are associated with liver insulin resistance, nonalcoholic cirrhosis, and the development of HCC (17, 18) . HCC is currently ranked as the fifth most common cancer worldwide (19, 20) and has a high mortality. It usually arises after years of liver disease and inflammation (19) either due to chronic hepatitis B or C virus (HBV/HCV) infection (21) , or alcoholic and nonalcoholic cirrhosis.
The finding that loss of SRSF3 triggers metabolic changes, hepatic fibrosis, and increased liver inflammation (10, 11) that are all features of early liver disease led us to propose that SRSF3 expression might be sensitive to hepatic stress. Indeed, studies have shown that SRSF3 is ubiquitinated under both normal and stressed conditions (22) (23) (24) . Additionally, it has been reported that SRSF3 is conjugated to the NEDD8 protein, a process termed neddylation, under arsenite-induced stress that is important for stress granule assembly (25) . Therefore, we investigated whether SRSF3 is lost in early liver disease. We found that SRSF3 protein expression is lost in early liver disease, including NAFLD, NASH, and cirrhosis, in both humans and mice. We report here that SRSF3 is degraded in the proteasome in response to lipid-induced oxidative stress via neddylation on lysine 11 and that prevention of SRSF3 loss inhibited many of the deleterious changes observed previously. These results identify a neddylation-dependent pathway regulating liver health and may provide novel therapeutic targets that may aid in the treatment of liver diseases.
Results
SRSF3 is reduced in early-stage human liver disease, and cirrhosis. Previously, we reported that hepatocyte-specific deletion of SRSF3 in mice impaired hepatocyte maturation leading to HCC as the mice aged, and that SRSF3 protein expression, but not mRNA expression, was lost in samples of human adenoma and HCC (10, 11) . To test whether SRSF3 loss preceded adenoma and/or carcinoma formation, we assessed SRSF3 protein expression in extracts from frozen samples of normal human liver (n = 9), and pathologically confirmed cases of NAFLD (n = 21), NASH (n = 11), and cirrhosis (n = 20). All samples from NAFLD, NASH, and cirrhosis showed Serine-rich splicing factor 3 (SRSF3) plays a critical role in liver function and its loss promotes chronic liver damage and regeneration. As a consequence, genetic deletion of SRSF3 in hepatocytes caused progressive liver disease and ultimately led to hepatocellular carcinoma. Here we show that SRSF3 is decreased in human liver samples with nonalcoholic fatty liver disease (NAFLD), nonalcoholic steatohepatitis (NASH), or cirrhosis that was associated with alterations in RNA splicing of known SRSF3 target genes. Hepatic SRSF3 expression was similarly decreased and RNA splicing dysregulated in mouse models of NAFLD and NASH. We showed that palmitic acid-induced oxidative stress caused conjugation of the ubiquitinlike NEDD8 protein to SRSF3 and proteasome-mediated degradation. SRSF3 was selectively neddylated at lysine 11 and mutation of this residue (SRSF3-K11R) was sufficient to prevent both SRSF3 degradation and alterations in RNA splicing. Lastly, prevention of SRSF3 degradation in vivo partially protected mice from hepatic steatosis, fibrosis, and inflammation. These results highlight a neddylation-dependent mechanism regulating gene expression in the liver that is disrupted in early metabolic liver disease and may contribute to the progression to NASH, cirrhosis, and ultimately hepatocellular carcinoma.
Degradation of splicing factor SRSF3 contributes to progressive liver disease SRSF3 and the staining was weaker ( Figure 1B) . Sections from cirrhotic livers showed very low staining for SRSF3 ( Figure 1B ). SRSF3 is lost in mouse models of NAFLD and NASH. Having observed the loss of SRSF3 in early-stage liver disease in humans, we wanted to test whether this phenotype could be modeled in mice. We placed mice on a high-fat diet (HFD, 60% fat) for 12 weeks to allow mice to become obese and cause hepatic steatosis. Body weight, liver weight, spleen weight, and fasting glucose levels were all higher in mice on HFD as compared with lean mice (Supplemental Figure 3D ). Morphologically, the livers from mice on HFD were larger and paler than livers from lean mice and had a roughened surface (Supplemental Figure 3 , A and B). Examination reduced levels of SRSF3 protein compared with normal liver by immunoblotting ( Figure 1A and Supplemental Figure 1A ; supplemental material available online with this article; https://doi. org/10.1172/JCI127374DS1). A similar reduction was seen in male and female samples (Supplemental Figure 1B) . We confirmed these results by immunohistochemical ( Figure 1B ) and immunofluorescent (Supplemental Figure 2A ) staining of fixed liver sections. The majority of hepatocyte nuclei in normal liver samples stained strongly for SRSF3, and cytoplasmic staining was also observed in some cells, consistent with the reported shuttling of SRSF3 from the nucleus to the cytoplasm during mRNA export (26) . In contrast, fewer nuclei in sections from NAFLD and NASH livers stained for (C) Immunoblotting of SRSF3 from hepatocytes from obese mice on high-fat diet (HFD) or lean mice on normal chow (Lean). Graph shows quantification of SRSF3 protein levels normalized to β-actin (n = 4/group). Lean mice shown in white, obese mice (HFD) shown in orange. (D) Immunoblotting of SRSF3 from hepatocytes from obese mice on NASH diet (NASH) or lean mice on normal chow (Lean). Graph shows quantification of SRSF3 protein levels normalized to β-actin (n = 4/group). Lean mice shown in white, NASH mice shown in red. (E) Immunohistochemical staining for SRSF3 on FFPE liver sections from lean, obese HFD, or obese NASH diet mice. Graph shows quantification of SRSF3-positive nuclei/field (brown stain) (n = 4/group). Colors are as in panel A. Scale bars: 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Tukey's post hoc testing. All quantified results are presented as mean ± SEM. jci.org Volume 129 Number 10 October 2019 from livers of frozen samples of human NAFLD, NASH, and cirrhosis showed altered inclusion of EDA-FN1 and MYO1B exons and skipping of INSR and SLK exons ( Figure 2 , A and B). We also tested splicing of 2 SRSF3 target genes in hepatocytes from the NAFLD and NASH mice. We observed greater inclusion of exon 33 in the Fn1 mRNA (EDA exon) ( Figure 2 , C and D) and higher expression of the EDA-containing FN1 protein ( Figure 2 , E and F), which was confirmed by immunofluorescence microscopy (Supplemental Figure 5 ). Skipping of exon 11 in the Insr mRNA was increased in the RNA from NAFLD ( Figure 2C ) and NASH (Figure 2D ) hepatocytes. These results in both human and mouse liver were consistent with a functional loss of SRSF3.
To compare the changes in RNA splicing in NAFLD and in response to the loss of SRSF3, we performed RNA sequencing (RNAseq) on total RNA extracted from hepatocytes from livers of mice on HFD or LFD. To assemble a list of SRSF3 splicing target genes in hepatocytes, we extracted RNA from Srsf3-floxed hepatocytes acutely infected with an adenovirus expressing CRE (Adeno-CRE) recombinase or green-fluorescent protein (GFP). Alternative splicing (AS) events were analyzed using JUM (30) and MAJIQ (31, 32) . Initially, we identified SRSF3-dependent AS events using RNA from the acute deletion of SRSF3. Inspection of the Srsf3 locus confirmed the deletion of exons 2 and 3 (Supplemental Figure  6A ). A total of 3,466 AS events were identified, of which 498 were significantly altered (P < 0.05) after multiple testing correction, in the SRSF3-KO by JUM ( Figure 2G and Supplemental Figure 6B ). MAJIQ identified 21,458 local splicing variants (LSVs), of which 436 were significantly altered in the KO (P < 0.05) after multiple testing correction. One hundred and sixteen genes were present in both JUM and MAJIQ data sets (Supplemental Figure 6C ). When the JUM AS events were broken down by category, cassette exons and alternative 3′ and 5′ splice sites comprised the majority of these events, with a smaller number of composite events, intron retentions, and mutually exclusive exons ( Figure 2G ). Intron retentions, however, comprised a larger proportion of AS events in the total pool (Supplemental Figure 6B ). Analysis of the mouse HFD data using JUM showed a total of 4,712 AS events, of which 470 were significantly altered (P < 0.05) in hepatocytes from obese livers (Supplemental Figure 6D ). When broken down by category, cassette exons and alternative 3′ and 5′ splice sites again made up the majority of the significant AS events ( Figure 2H ). Interestingly, the HFD RNA had a much higher proportion of intron retention events than the SRSF3-KO RNA, which possibly indicated alterations in other splicing factors (28) . When the genes subject to AS were compared, 15% of the genes altered by HFD (56 of 368) were also SRSF3 dependent ( Figure 2I ) that represented a significant enrichment (P < 0.05 by Fisher's exact test). Thus, the RNAseq results indicated that a significant number of AS events that occurred in livers of obese mice were consistent with loss of SRSF3.
Lipid excess causes oxidative stress and loss of SRSF3. NAFLD and NASH are associated with hepatic steatosis. To test whether lipid overload directly caused loss of SRSF3, we treated human HepG2 cells and mouse primary hepatocytes with palmitic acid (PA) for 4-12 hours. We observed that PA caused a time-dependent loss of SRSF3 in both HepG2 cells ( Figure 3A ) and primary hepatocytes (Supplemental Figure 7A ). As lipid excess causes oxidative stress, we measured the expression of NADPH quinone dehydrogenase 1 of liver sections from mice on HFD revealed extensive steatosis but with minimal fibrosis restricted to the perivascular regions that was consistent with NAFLD (Supplemental Figure 3B ). To examine whether NAFLD caused loss of SRSF3 in hepatocytes, rather than other cells resident in the liver, we purified primary hepatocytes from obese (HFD) and lean (normal chow) mice and immunoblotted cell extracts for SRSF3. We observed loss of SRSF3 in hepatocytes from the HFD mice ( Figure 1C ) that agreed with the reported loss of SRSF3 in whole liver from HFD mice (27) . We also assessed SRSF3 protein expression by immunohistochemistry ( Figure 1E ) and immunofluorescence (Supplemental Figure 2C ) on fixed liver tissue sections from HFD and lean mice. The majority of nuclei in normal samples stained strongly for SRSF3, whereas the nuclei in the HFD samples stained weakly ( Figure 1E ), as seen with the human NAFLD samples.
A second cohort of mice was maintained on a Western diet for 12 weeks to promote NASH. As in the NAFLD model, body weight, liver weight, spleen weight, and fasting glucose levels were all higher in mice on a NASH diet as compared with lean mice, and morphologically the livers were larger and paler than livers from lean mice (Supplemental Figure 3 , A, C, and D). Examination of liver sections from NASH mice revealed less extensive steatosis than the NAFLD livers, consistent with the lower fat content of the diet, but with extensive intralobular fibrosis as detected by Masson's trichrome and Sirius red staining, consistent with NASH (Supplemental Figure 3C ). As observed for the NAFLD mice, SRSF3 was reduced in primary hepatocyte extracts from the NASH mice (Figure 1D ). SRSF3 was similarly reduced in whole-liver extracts from NASH mice (Supplemental Figure 2B ). This loss of SRSF3 was confirmed by immunohistochemistry and immunofluorescence on fixed liver tissue sections ( Figure 1E and Supplemental Figure 2C ).
We also investigated the effect of HFD and Western diet on Srsf3 mRNA expression. The Srsf3 gene generates 2 mRNA transcripts through alternative splicing of exon 4; the major transcript (Srsf3-202) skips exon 4 and encodes the full-length SRSF3 protein (Srsf3-FL), and the minor transcript (Srsf3-201) includes exon 4 and contains a premature termination codon (PTC) causing the mRNA to be degraded by nonsense-mediated decay (Srsf3-PTC) (3, 28, 29) . RNA from normal, NAFLD, NASH, and cirrhosis liver samples showed higher expression of SRSF3-FL than SRSF3-PTC (Supplemental Figure 4A ). RNA from hepatocytes from HFD and NASH mice did not show a difference in Srsf3-FL mRNA levels but showed a significant 3-fold increase in Srsf3-PTC mRNA levels by quantitative PCR (qPCR), although Srsf3-PTC remained a minor isoform (1% to 3%) (Supplemental Figure 4 , B and C). The change in the ratio of mRNA isoforms was confirmed by end-point reverse transcription PCR (RT-PCR) using primers spanning exons 3 to 5 (Supplemental Figure 4 , B and C). These results also confirmed that the Srsf3-PTC transcript only constitutes a small fraction (<5%) of steady-state mRNA levels in the liver.
Liver disease is associated with altered splicing of the SRSF3 target genes FN1, INSR, SLK, and MYO1B. As SRSF3 was reduced in fatty liver disease in both humans and mice, we expected to see alterations in SRSF3 target gene splicing; therefore, we measured splicing of the profibrogenic EDA exon (exon 33) in the fibronectin 1 gene (FN1-EDA), exon 23 in MYO1B, exon 11 in INSR, and exon 13 in the SLK gene, all known SRSF3 targets (10) . RNA extracted jci.org Volume 129 Number 10 October 2019 Nuclear SRSF3 levels rapidly dropped following CHX treatment, as seen in the whole cell, but PA did not alter the rate of degradation ( Figure 3F and Supplemental Figure 10H ). In contrast, cytoplasmic levels increased following CHX treatment but the increase was suppressed by PA treatment ( Figure 3F and Supplemental Figure 10I ). This suggested that the primary effect of PA occurred in the cytoplasm. So we then tested the effect of blocking nuclear export on SRSF3 levels. HepG2 cells were treated with leptomycin B and PA and nuclear extracts prepared. PA caused the expected decrease in nuclear SRSF3. Furthermore, inhibition of nuclear export with leptomycin B caused an increase in nuclear SRSF3 ( Figure 3G ). Thus, inhibition of nuclear export prevented the degradation of SRSF3 by PA ( Figure 3G ), again suggesting that degradation of SRSF3 occurred in the cytoplasm. To test whether lipid-stress reduced multiple splicing factors, we immunoblotted extracts of HepG2 cells that had been treated with PA or H 2 O 2 for increasing times with an antibody that recognizes a conserved epitope in many SR proteins. Only a band at approximately 20 kDa showed a reduction in intensity with PA and H 2 O 2 (Supplemental Figure 11 , A and B). This was confirmed to be SRSF3 by re-blotting with an antibody against SRSF3 (Supplemental Figure 11C ). SRSF3 is neddylated in response to PA. Previous studies have shown that SRSF3 is ubiquitinated under both normal and stress conditions (22) (23) (24) . To test whether SRSF3 was degraded through the ubiquitination pathway, we treated the primary hepatocytes and HepG2 cells with MG132 to prevent degradation, then tested for ubiquitination of SRSF3. Cell extracts were immunoprecipitated with anti-ubiquitin or anti-SRSF3 antibodies, and then immunoblotted for SRSF3 or ubiquitin, respectively. We were unable to detect ubiquitination of endogenous SRSF3 under any of these conditions (Supplemental Figure 12 , A-C). We then overexpressed Flag-tagged SRSF3 (Flag-SRSF3) in HepG2 cells by transfection. Under these conditions, we were able to detect ubiquitinated SRSF3 that was increased in the presence of MG132 (Supplemental Figure 12D ). To test whether stress caused by lipid excess could increase ubiquitination of SRSF3, we overexpressed Flag-SRSF3 in HepG2 cells and treated with PA in the presence of MG132. PAinduced stress did not increase ubiquitinated SRSF3 (Supplemental Figure 12E ). These results indicated that endogenous SRSF3 was not degraded via the ubiquitin pathway, although ubiquitination could be observed if the protein is overexpressed. We also tested the specificity and efficacy of the antibody used in the immunoprecipitation assay. The immunoblot result showed that more than 90% of the protein was precipitated (Supplemental Figure 12 , F-H).
Previously it was reported that arsenite-induced oxidative stress causes neddylation-dependent stress granule formation, and SRSF3 was among the proteins identified as being conjugated to NEDD8 (25) . Neddylation is a posttranslational modification similar to ubiquitination and can lead to protein degradation (34) . To test whether SRSF3 was neddylated in liver cells, we treated primary hepatocytes and HepG2 cells with MG132, and then tested for conjugation of NEDD8 and SRSF3. Cell extracts were immunoprecipitated with antibodies against NEDD8 and then immunoblotted for SRSF3. An anti-SRSF3 antibody-reactive protein was observed at approximately 30 kDa, corresponding to the expected combined molecular weight of NEDD8 (8 kDa) conjugated to SRSF3 (21 kDa), and levels of this protein increased with protea-(Nqo1), a gene sensitive to oxidative stress, by qRT-PCR and found that PA induced Nqo1 expression (Supplemental Figure 7B ). To test whether PA-induced oxidative stress leads to SRSF3 degradation, we pretreated cells with the antioxidant N-acetyl-cysteine (NAC, 10 mM, 15 minutes). Scavenging reactive oxygen species (ROS) with NAC blocked the PA-induced SRSF3 degradation, suggesting that oxidative stress caused SRSF3 degradation ( Figure 3B and Supplemental Figure 7C ). To test oxidative stress directly, we treated HepG2 cells and primary hepatocytes with H 2 O 2 (500 μM and 500 μM) and found that SRSF3 was degraded in a timedependent manner ( Figure 3C and Supplemental Figure 7D ) and the degradation was again blocked by NAC ( Figure 3D and Supplemental Figure 7F ). As expected, H 2 O 2 induced expression of Nqo1 (Supplemental Figure 7E ).
We also investigated the effect of lipid excess and oxidative stress on Srsf3 mRNA expression. Primary hepatocytes and HepG2 cells exposed to PA or H 2 O 2 for different times did not show a difference in Srsf3-FL mRNA levels but showed significantly increased Srsf3-PTC mRNA levels by qPCR (Supplemental Figure 8 , A and B). The change in the ratio of mRNA isoforms was confirmed by endpoint RT-PCR (Supplemental Figure 8 , C and D). These results also confirmed that oxidative stress induces the Srsf3-PTC transcript (28) but this only constituted a small fraction (<5%) of steady-state mRNA levels even under stressed conditions. We did not observe expression of the truncated SRSF3 protein that had been previously reported (33) . To test whether the Srsf3-PTC transcript was indeed regulated by nonsense-mediated decay (NMD) we measured Srsf3 mRNA expression in the presence of the translational inhibitor cycloheximide (CHX, 50 μg/mL), as NMD requires ongoing protein translation. Expression of the major isoform (Srsf3-FL) was much higher than the Srsf3-PTC isoform in both primary hepatocytes and HepG2 cells in the basal state by qPCR (Supplemental Figure 9A ). Expression of both isoforms increased over time following CHX treatment, with the minor Srsf3-PTC isoform increasing to approximately the same level as the Srsf3-FL isoform in hepatocytes, but remaining the minor isoform in HepG2 cells (Supplemental Figure  9A ). The ratio of isoforms was confirmed by end-point RT-PCR (Supplemental Figure 9B ).
SRSF3 protein is rapidly degraded by the proteasome. We then measured SRSF3 protein stability by treating HepG2 cells with CHX for 1-8 hours. We observed a rapid degradation of SRSF3, with an estimated SRSF3 half-life of 1.2 hours that was accelerated with PA treatment ( Figure 3E and Supplemental Figure 10A ). We saw a similarly rapid degradation of SRSF3 in mouse primary hepatocytes (Supplemental Figure 10B) . To test whether the degradation of SRSF3 was mediated by proteasomes, we treated HepG2 cells and primary hepatocytes with the proteasomal inhibitor MG132 (10 μM) and performed a similar time course over 1-8 hours. There was a strong induction of SRSF3 in cells treated with MG132 alone (Supplemental Figure 10 , C and D) and no apparent degradation of SRSF3 over 8 hours in the presence of CHX (Supplemental Figure 10 , E and F), indicating that SRSF3 protein was not inherently unstable but was rapidly targeted for proteasomal degradation under normal conditions. SRSF3 shuttles between the nucleus and cytoplasm, so we measured the half-life of SRSF3 in the nucleus or cytoplasm in the presence or absence of PA. The majority of SRSF3 was nuclear (Supplemental Figure 10G) . jci.org Volume 129 Number 10 October 2019
somal inhibition by MG132 ( Figure 4, A and B) . Conversely, we overexpressed Flag-SRSF3 in HepG2 cells, immunoprecipitated with anti-Flag antibodies, and then immunoblotted for NEDD8. A strong NEDD8-reactive protein was observed at approximately 36 kDa, the correct size for NEDD8-conjugated (8 kDa), Flag-tagged SRSF3 (28 kDa) that again increased with proteasomal inhibition, as for the endogenous protein ( Figure 4C ). We then tested whether lipid-induced stress could increase SRSF3 neddylation. HepG2 cells transfected with Flag-SRSF3 were treated with PA in the pres-ence of MG132. The 36-kDa NEDD8-reactive protein increased with PA treatment, clearly indicating that PA-induced stress promoted SRSF3 neddylation ( Figure 4D ). To test whether the neddylation of SRSF3 was necessary for proteasomal degradation, we inhibited the NEDD8-activating enzyme 1 complex (NAE1: APPBP1 and UBA3) by treatment with MLN4924 (35, 36) . Inhibition of NAE1 inhibited the conjugation of NEDD8 to exogenous Flag-tagged SRSF3 ( Figure 4E ). We then tested whether endogenous SRSF3 was neddylated in response the presence of NAC over time, and extracts were immunoblotted for SRSF3. Graphs in A and C show quantification of SRSF3 protein normalized to β-actin (mean ± SEM, n = 3/group). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. time 0 by 1-way ANOVA. (E) HepG2 cells were exposed to 500 μM PA or vehicle in the presence of 50 μg/mL cycloheximide for 0-8 hours. Cell extracts were immunoblotted for SRSF3 and results quantified by densitometry. Normalized SRSF3 expression results were fit to a 1-phase exponential decay to calculate the protein half-life (t 1/2 ). The R 2 values of the curve fits are given. The 2 curves were significantly different (P = 0.0004). (F) HepG2 cells were exposed to 500 μM PA or vehicle in the presence of 50 μg/mL cycloheximide for 0-8 hours. Cells were separated into nuclear and cytoplasmic fractions and immunoblotted for SRSF3 and normalized to lamin B or β-actin. Nuclear SRSF3 levels again fit a 1-phase exponential decay but there was no significant difference between treatments, so the single-curve fit is shown. Cytoplasmic SRSF3 did not fit an exponential decay, but the data were fit by a linear equation. genes in HepG2 cells ( Figure 5E ). These results indicated that SRSF3 was degraded in response to stress induced by lipid overload via neddylation on lysine 11 and proteasomal degradation.
Expression of a neddylation-resistant SRSF3 prevents NASH.
To test whether preventing SRSF3 degradation in vivo would prevent the development of NASH we expressed SRSF3-K11R, WT SRSF3, or GFP as a control, using tail vein injection of AAV serotype 8 (AAV8) in C57BL/6J mice (n = 6-8/group). After infection the mice were placed on the NASH diet for 7 weeks. The body weights of the infected mice increased, livers were pale and larger relative to mice on normal chow as expected, and fasting blood glucose levels were elevated at sacrifice (Supplemental Figure 14 , A-C). Hematoxylin and eosin-stained (H&E-stained) sections from livers of GFP-infected mice showed the expected steatosis, whereas the livers from SRSF3-K11R-infected mice showed reduced steatosis ( Figure 6, A and B) . Mice expressing WT SRSF3 showed an intermediate phenotype. Hepatocyte ballooning, a hallmark of NASH, was increased in the GFP-infected livers ( Figure 6 , A and C). Surprisingly, expression of WT or SRSF3-K11R did not significantly reduce the number of ballooned hepatocytes, although the trend was to less ballooning ( Figure 6C ). Parallel sections were stained with Masson's trichrome and Sirius red for fibrosis. Sections from GFP-infected mice showed extensive intralobular fibrosis but sections from SRSF3-K11R-infected mice showed reduced fibrosis ( Figure 6 , A and C). Similarly, mice infected with SRSF3-K11R showed a reduction in immune cell infiltration ( Figure 6 , A and C). The reduction in fibrosis was confirmed by qPCR. GFP-infected mice had elevated Fn1, Col1a1, Timp1, and Acta2 (smooth muscle actin) expression that decreased with SRSF3-K11R expression ( Figure 7A ). The SRSF3-K11R mice also showed reduced expression of the lipid storage genes Cidea and Cidec, lipid synthesis and transport genes Fasn and Cd36 ( Figure 7B ), and the inflammatory macrophage and Kupffer cell markers Emr1, Clec4f, Tnfa, and Il6 ( Figure 7C ). Next, we assessed the effect of mutant lysine 11 on expression of SRSF3 target genes in RNA from isolated hepatocytes. We observed that SRSF3-K11R prevented skipping of exon 11 in the Insr, inclusion of exon 33 (EDA exon) in Fn1, skipping of exon 13 in Slk1, and inclusion of exon 23 in Myo1b ( Figure 7D ). Thus, overexpression of SRSF3 or a degradation-resistant mutant was sufficient to prevent progressive liver disease in mice on a NASH-inducing diet.
Discussion
In this study, we report that SRSF3 protein expression was reduced in human NAFLD, NASH, and cirrhotic liver diseases. We also showed that SRSF3 expression was similarly reduced in livers from mouse models of NAFLD and NASH, and we have reported previously that SRSF3 was lost in a CCl 4 -induced model of liver cirrhosis in mice (10) . Additionally, human and mouse livers showed evidence of alterations in alternative RNA splicing of known and potentially novel SRSF3 target genes consistent with a functional loss of SRSF3 in NAFLD and NASH. As the mouse liver faithfully recapitulated the SRSF3 reduction seen in early human liver disease, we used primary mouse hepatocytes and human HepG2 hepatoma cells to investigate the mechanism underlying this loss. We showed that lipid overload led to SRSF3 proteasomal degradation through increased oxidative stress. Mechanis-to PA-induced oxidative stress. PA caused a decrease in SRSF3 in the whole-cell extract (input) and caused an increase in NEDD8conjugated SRSF3 ( Figure 4F ). Scavenging ROS with NAC prevented both the degradation of SRSF3 in the input and also the conjugation to NEDD8 ( Figure 4F ). Furthermore, we found that MLN4924 blocked the degradation of SRSF3 under PA-induced stress conditions in both primary hepatocytes and HepG2 cells ( Figure 4G ). To test whether inhibition of neddylation had a functional effect on RNA splicing of SRSF3 target genes, we treated primary hepatocytes and HepG2 cells with MLN4924, and measured splicing of Fn1, Slk, and Myo1b by qRT-PCR. Consistent with the inhibition of SRSF3 degradation, we observed that NAE1 inhibition prevented inclusion of the EDA exon in Fn1, skipping of exon 13 in Slk, and inclusion of exon 23 in Myo1b mRNAs in response to PA in primary hepatocytes and the corresponding FN1, SLK, and MYO1B genes in HepG2 cells (Figure 4, G and H) . To exclude a role for ubiquitination in SRSF3 degradation, we treated HepG2 cells with PA in the presence of the NAE1 inhibitor MLN4924 or the specific UAE1 inhibitor MLN7243. The NAE inhibitor, but not the UAE inhibitor, prevented the loss of SRSF3 with PA treatment ( Figure 4I ), confirming that neddylation, not ubiquitination, was responsible for SRSF3 degradation.
Mutation of lysine 11 prevents SRSF3 protein degradation. Posttranslational modification by NEDD8 involves conjugation to lysine residues in the target protein. To determine which lysine residues were important for destabilizing SRSF3, we obtained a series of SRSF3 lysine mutants. We measured the half-life of 3 lysine-mutant SRSF3 proteins using CHX ( Figure 5, A and B) . HepG2 cells were transfected with Flag-tagged wild-type (WT) SRSF3 and lysine-to-arginine mutants in the amino-terminal half of the protein (K11R, K23R, and K85R), as well as double lysine mutants (K11/23R and K23/85R) and a triple lysine mutant (3KR) (25) . We observed that WT SRSF3 was rapidly degraded, as seen earlier ( Figure 5B ), but the K11R mutant was stable and not degraded, as was the double mutant K11/23R and the triple mutant. Mutation of K23 and K85 did not alter SRSF3 stability ( Figure 5B ). This result suggested that conjugation of lysine 11 was essential for SRSF3 degradation. To demonstrate that lysine 11 was neddylated in response to PA, we transfected WT, K11R, K23R, and K85R mutant SRSF3s into HepG2 cells, and the cells were then treated with PA or vehicle for 12 hours. Cell lysates were immunoprecipitated with anti-Flag antibody and immunoblotted with anti-NEDD8 antibody. We observed that the K11R mutation eliminated basal conjugation of NEDD8 to SRSF3 and prevented the PA-induced neddylation ( Figure 5C ). The K23R and K85R SRSF3 mutants showed basal and PA-induced neddylation, confirming the stability data ( Figure 5C ). We then tested the effect of the K11R mutation on the PA-induced degradation of SRSF3 and found that this mutant stabilized SRSF3 and prevented its degradation in primary hepatocytes and HepG2 cells ( Figure 5D ). We also investigated the ubiquitination of these SRSF3 mutants but could not detect ubiquitinated SRSF3 as we did earlier (Supplemental Figure 13 ). Consistent with the stabilization of the SRSF3 protein, we observed that expression of SRSF3-K11R prevented inclusion of exon 33 (EDA exon) in Fn1, skipping of exon 13 in Slk1, and inclusion of exon 23 in Myo1b mRNAs in response to PA in primary hepatocytes and the corresponding FN1, SLK, and MYO1B jci.org Volume 129 Number 10 October 2019 SRSF3 shuttles between the nucleus and cytoplasm associated with target mRNAs, but at any one time most (>90%) SRSF3 is nuclear. NEDD8-dependent degradation of SRSF3 in the cytoplasm explains the low stoichiometry of neddylation at any one time, but the rapid shuttling between the 2 compartments allows total SRSF3 levels to decrease over 8-12 hours (Figure 8 ). Thus, we have uncovered a neddylation-dependent pathway leading to dys-tically, this occurred through neddylation of SRSF3 on lysine 11 in the RNA binding domain. Mutation of this single residue, or pharmacological inhibition of neddylation, prevented degradation of SRSF3 and alterations in alternative splicing of downstream target genes. Fractionation experiments showed that the PA-induced SRSF3 degradation appeared to occur mainly in the cytoplasm, as blocking nuclear export prevented degradation. 49) . SRSF3 recruits DROSHA to precursor microRNAs to promote microRNA processing (49) (50) (51) , and SRSF3 regulates expression of both miR-1908 and miR-3131 that have been implicated in oncogenesis (50) (51) (52) (53) (54) . So there is good evidence that changes in SRSF3 expression or function are linked to carcinogenic progression. We found that PA-induced stress led to neddylation of SRSF3 and degradation. A previous study investigating the formation of stress granules in U2OS cells reported that the neddylation enzyme UBE2M was essential for granule formation in response to arsenite, and furthermore showed through proteomic profiling that SRSF3 was neddylated on lysine 85 to promote stress granule assembly, as they had previously reported (25, 55) . Our results showed that SRSF3 is neddylated on lysine 11 under PA-induced oxidative stress but this modification targeted SRSF3 for degradation. This is distinct from the neddylation on lysine 85 that does not appear to affect protein stability. The neddylation pathway is not as well understood as the analogous ubiquitination pathway, but a few functions have been described (34) . Neddylation is increased in HCC and inhibition of the NAE1 activating enzyme with MLN4924 is a promising therapy (56, 57) . The first targets identified were the cullin proteins that act as scaffolds for the assembly of ubiquitin E3 ligase complexes. A single conserved lysine in the carboxyl terminus is conjugated with NEDD8 and induces a conformational switch that displaces the inhibitory protein CAND1 and activates the E3 ligase activity of the SCF complex (34) . Neddylation mediated by MDM2 inhibits the transcriptional activity of p53 and p73, and neddylation competes with ubiquitination to prevent degradation of PPARγ (58) . Conversely, NEDD8 can target proteins for degradation through interaction with the NUB1 protein that recruits NEDD8 to the S5a component of the 19S proteasome (59, 60) . Whether SRSF3 is degraded via this NEDD8/NUB1/S5a pathway, and how neddylation responds to oxidative stress remain to be determined. Importantly, when SRSF3 degradation was repressed by overexpression of a degradation-resistant SRSF3-K11R in the liver, steatosis and fibrosis were prevented, which suggested that loss of SRSF3 drove progressive metabolic liver disease.
In summary, our results indicated that neddylation of lysine 11 in SRSF3 is critical for SRSF3 degradation, and thus regulated downstream SRSF3 target genes. The changes in SRSF3 expression and target genes in early liver disease may provide a valuable diagnostic tool, and potentially a new therapeutic target in HCC, as inhibition of SRSF3 degradation prevents progressive liver disease and inhibition of NAE1 by MLN4924 prevents liver cancer cell growth (61) .
Methods
Animals and diets. C57BL/6J mice were purchased from Jackson Laboratories. Mice were housed in a 12-hour light/12-hour dark cycle. Mice had access to food and water ad libitum. Groups of male and female mice were randomly assigned to a HFD (60% fat) to induce NAFLD (D12492, Research Diets Inc.), to a 40% fat plus 0.2% cholesterol diet to induce NASH (D12079B, Research Diets), or normal chow diet. Major lipid components of the NAFLD diet are derived from lard and include 20% palmitic acid, 11% stearic acid, 34% oleic acid, and 29% linoleic acid, resulting in 32% saturated, 36% monounsaturated, and 32% polyunsaturated fat. Major lipid components of the NASH diet are regulation of alternative splicing in fatty liver disease. A genetic knockout of SRSF3 in hepatocytes causes many metabolic changes, including steatosis and fibrosis (9) , so it is intriguing to speculate that a functional reduction in SRSF3 may underlie many of the early events in fatty liver disease. Interestingly, deletion of SRSF3 in hepatocytes did not cause hepatocyte ballooning (9) , so it is not surprising that expression of the degradation-resistant SRSF3 did not rescue the ballooning phenotype on the NASH diet, and furthermore suggests that hepatocyte ballooning is not triggered by loss of SRSF3. Although these changes are seen in early liver disease, we and others have reported that SRSF3 mRNA and protein are decreased in HCC (10, 11) , so these early changes in fatty liver RNA splicing could predispose to the later development of HCC. Our findings are distinct from reported findings in HBV-associated HCC where SRSF3 protein is elevated but mislocalized to the cytoplasm through interaction with the viral Hbx protein (27) .
A number of studies have pointed to a potential role of SRSF3 in other cancers. Unfortunately, many studies rely on SRSF3 mRNA levels as a marker of expression but this is uninformative because SRSF3 autoregulates its own expression, so protein levels do not correlate with RNA (3), and we have shown here that SRSF3 protein degradation is acutely regulated independently of mRNA expression. More importantly if SRSF3 were lost in liver disease, we would expect to observe altered splicing of SRSF3 target genes. Indeed, this is the case, as we observed alterations in splicing of the fibronectin 1 gene FN1, the insulin receptor gene INSR, and 2 genes involved in cytoskeletal rearrangements and epithelial-to-mesenchymal transition -the STE20-like kinase gene SLK (37) and the myosin 1B gene MYO1B (38) -in RNA from NAFLD and NASH subjects. Alternative splicing of exon 11 of the INSR gene gives rise to 2 protein isoforms designated IR-A and IR-B (8, (39) (40) (41) (42) (43) and the ratio of these isoforms is altered in many cancers including breast, lung, colon, and liver, to increase expression of IR-A that is a high-affinity receptor for IGF2 (44, 45) . At the cellular level, SRSF3 has a role in many aspects of the cell cycle (1, 5, 7, 46) , including mitosis (47) and DNA repair (48) . In many cell lines, overexpression of SRSF3 will cause tumor acceleration, while knockdown impairs growth. Human papilloma virus protein E2 upregulates SRSF3 expression, which is essential for viral splicing, and hence SRSF3 is overexpressed in many cervical cancers protease and phosphatase inhibitors (Roche) for 20-30 minutes on ice. Cell lysates were sonicated and clarified by centrifugation at 12,000 g.
In some experiments, cells were fractionated to isolate cytosolic and nuclear protein. In brief, cells were incubated in lysis buffer (10 mM Tris·HCl, pH 7.4, 100 mM NaCl, and 2.5 mM MgCl 2 ) for 15 minutes on ice and then centrifuged at 2,000 g for 10 minutes. Cell lysates were collected as cytosolic protein and the remaining cell pellets were lysed with RIPA buffer, incubated on ice for 20 minutes, and sonicated. The lysate was centrifuged at 15,000 g for 30 minutes to pellet nuclear protein. Equal amounts of cellular protein (10 μg) were separated by SDS-PAGE using 4%−15%/20% Criterion precast gels (Bio-Rad), transferred to PVDF membranes (MilliporeSigma), blocked with 5% nonfat milk for 1 hour at room temperature, and immunoblotted with primary antibodies overnight at 4°C followed by HRP-conjugated secondary antibodies at room temperature for 1 hour, washed 3 times in TBS-Tween 20, and then developed using a chemiluminescent substrate kit (Pierce Immunofluorescence and immunohistochemistry. Immunofluorescence was performed on formalin-fixed, paraffin-embedded (FFPE) human and mouse liver sections. Tissues were deparaffinized and rehydrated. After incubation with blocking buffer (1% BSA and 5% normal goat serum in PBS) at room temperature for 1 hour, slides were incubated overnight at 4°C with mouse anti-SRSF3 (7B4, 1:100 dilution), rabbit anti-SRSF3 (Abcam, ab73891, 1:100 dilution), or mouse anti-fibronectin (Abcam, ab6328, 1:100 dilution) antibodies in blocking buffer. After washing with PBS, slides were incubated with 1:1000 dilution of Alexa Fluor 488-conjugated anti-rabbit IgG and 1:1000 dilution of Alexa Fluor 555-conjugated anti-mouse IgG (Invitrogen). Nuclei were counterstained with DAPI. Staining was visualized by confocal laser-scanning microscopy (FluoView FV1000, Olympus). Immunohistochemistry was performed on FFPE human and mouse liver sections using the mouse anti-SRSF3 antibody (7B4, 1:500 dilution in 5% normal goat serum overnight at 4°C) and visualized using a Vectastain ABC immunohistology kit (Vector Labs).
Coimmunoprecipitation. HepG2 and primary hepatocytes were harvested and lysed in RIPA buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) supplemented with protease inhibitors (Roche). Immunoprecipitation was performed by using Protein G beads (Dynabeads, Thermo Fisher Scientific) following the manufacturer's protocol with slight modification. In brief, 1-2 mg of protein lysate was incubated with RNase A and isotype antibody at 4°C for 30 minutes. Beads and primary antibody were incubated for 10 minutes at room temperature followed by incubation at 4°C overnight. Primary antibody-conjugated beads were incubated with precleared lysates overnight at 4°C. The precipitated protein was eluted in Nu PAGE LDS sample buffer followed by heating at 70°C for 10 minutes and immunoblotted using the indicated antibodies (mouse mAb 7B4 anti-SRSF3 antibody, rabbit mAb anti-NEDD8, 2754, Cell Signaling Technology; mouse mAb anti-FLAG, F3165, MilliporeSigma; rabbit derived from 39% milk fat (23% palmitic acid, 10% stearic, 29% oleic acid, and 2% linoleic acid), 1% corn oil (13% palmitic acid, 3% stearic acid, 31% oleic acid, 52% linoleic acid, and 1% linolenic acid), and 0.2% cholesterol. Body weight and food intake data were recorded weekly.
Isolation of murine primary hepatocytes. Primary hepatocytes were obtained by 2-step perfusion with liver perfusion medium SC-1 (137 mM NaCl, 5.4 mM KCl, 0.56 mM NaH 2 PO 4 •H 2 O, 0.85 mM Na 2 HPO 4 , 10 mM HEPES, 4.2 mM NaHCO 3 , 0.5 mM EGTA, and 5 mM glucose), followed by digestion medium SC-2 (137 mM NaCl, 5.4 mM KCl, 0.56 mM NaH 2 PO 4 •H 2 O, 0.85 mM Na 2 HPO 4 , 10 mM HEPES, 4.2 mM NaHCO 3 , and 12 mM CaCl 2 •H 2 O) containing 0.5 mg/mL collagenase D (Roche). Liver cells were disaggregated by passing through a 100-μm pore nylon mesh Cell Strainer (BD Bioscience) and centrifuged at 100 g for 10 minutes at 4°C. Cells pellets were suspended in 36% Percoll and centrifuged at 60 g for 6 minutes. The resulting cell pellets were washed with SC-2 buffer without collagenase D, the numbers of total viable cells were determined by Trypan blue staining, and cells were plated on collagen-coated plates (Invitrogen). Primary hepatocytes were cultured in William E culture medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C.
Cell culture and transfection. The HepG2 cell line was obtained from ATCC and maintained in 1× DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in an atmosphere of 5% CO 2 . Transfection of plasmids into HepG2 cells was performed using Lipofectamine 2000 (Invitrogen) and into primary hepatocytes using X-tremeGENE HP DNA transfection regents (Roche) following the manufacturers' protocols. The series of expression vectors encoding Flag-tagged SRSF3 and the lysine mutants were obtained from Takbum Ohn (Chosun University, Gwangju, Republic of Korea).
Tissue collection and histology. Human liver samples were obtained from the University of Minnesota Liver Tissue and Cell Distribution Service (UM-LTCDS; Minneapolis, Minnesota, USA). Subject characteristics are provided in Supplemental Table 1 . Liver and other tissues were harvested at sacrifice for both histology and RNA extraction. Livers were fixed in formalin for 24 hours followed by washing in 70% ethanol. Paraffin-embedded sections (5 μm) were cut, dewaxed, and stained with H&E. Images were scanned using an Aperio ImageScope and analyzed using the ImageScope software (Leica).
Gene expression. Total RNA was extracted from the tissues using RNAbee (Tel-Test Inc.) following the manufacturer's instructions. First-strand cDNA was synthesized using a High-Capacity cDNA Synthesis Kit (Applied Biosystems). Targeted qPCR assays were run in 20-μL triplicate reactions on an MJ Research Chromo4 instrument using iTaq SYBR Green supermix (Bio-Rad). Gene expression levels were calculated after normalization to the housekeeping gene m36B4 using the 2 -ΔΔCt method (62) and expressed as relative mRNA levels compared to the control. Primers are listed in Supplemental Table 2 .
Immunoblot analysis. Primary mouse hepatocytes and HepG2 cells were treated with PA (0.25 mM and 0.5 mM, respectively) or H 2 O 2 (0.5 mM), with and without NAC (10 mM) for 0-12 or 0-24 hours (PA and H 2 O 2 , respectively), or CHX (50 μg/mL) and MG132 (10 μm) for 0-8 hours as indicated. Cells were pelleted by centrifugation, washed twice with PBS, and lysed with modified RIPA buffer (150 mM NaCl, 50 mM Tris•HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM NaF, 10 mM glycerophosphate, and 5 mM sodium pyrophosphate) supplemented with
